Abstract: As a pre-study for highly oriented collagen coatings on implants (with irregular surfaces and shapes), the Langmuir-Blodgett (LB) technology, a low-cost and straightforward approach, was pioneered. The effects of physicochemical (hydrophilic / hydrophobic) patterns and 3D-mechanical barriers present on substrate surfaces are studied in terms of the dynamics of collagen flow during LB film deposition and the formation of highly oriented coatings. Due to the large internal cohesion of collagen films only large 3D-obstacles deflect the flow of collagen and lead to film rupture, suggesting that objects (screw-threaded dental implants) with small topographic features should be easily and evenly coatable. Moreover, hydrophilic / hydrophobic / collagen patterned substrate surfaces were fabricated, by partly removing coated collagen. These substrates are outstanding for timely studies that need identical conditions but different surface properties side by side. Crystallization of barium oxalate was carried out as a proof-of-principle.
Introduction
The major structural protein in mammals is collagen (Nimni, 1988; Shoulders and Raines, 2009 ).
The protein exists in several types, whereas the type I is the most abundant form found in e.g. bone, cornea, dermis and tendon (Nimni, 1988; Shoulders and Raines, 2009) . Individual type I collagen molecules are composed of three left-handed helical polypeptide chains, which form a right-handed triple-helical structure. This structure is stabilized by hydrogen bonds and the resulting trimeric collagen molecule (so-called tropocollagen) is ~300 nm long and 1.5 nm in diameter (Nimni, 1988; Hulmes, 1992; Hulmes, 2002) .
Tropocollagen molecules aggregate in a staggered fashion and form (micro) fibrils (Nimni, 1988) . In further steps, bundles of these fibrils form collagen fibers. Thereby, hydrophobic interactions between non-polar regions of adjacent molecules are governing collagen fibril formation (fibrillogenesis) (Cassel, 1966; Cooper, 1970) . However, fibrillogenesis is also driven by hydrogen bonding between polar residues (Leikin et al., 1995) . In addition, the overall processes can be further controlled by varying the pH, the nature and the concentration of added salts, as well as by adding molecules such as propanol and phosphate (Usha et al., 2006; Li et al., 2009; Ambrock et al., 2018) , which enhance the inner cohesion of collagen molecules (Usha et al., 2006) .
Depending on the tissue and its function, these fibers can form layers of randomly oriented molecules/fibrils as in woven (immature) bone or dermis (Gross and Schmitt, 1948; Draughn and An, 2000; Currey, 2002) , they can show arrangements of high orientation in a single direction 5 (e.g. in tendon (Squier and Bausch, 1984) ) or they may be present as individual layers of highly oriented fibers angled to each other as found in mature bone or cornea (Draughn and An, 2000; Currey, 2002; Meek, 2009 ). These differences in protein and structure orientation provide the appropriate mechanical properties for the specific tissue (Purslow et al., 1998) . Based on these findings, various approaches have shown that collagen can be successfully incorporated into artificial constructs. For example, collagen-rich tissue is chemically modified and used as valve replacements in humans (Meena et al., 1999) . Likewise, animal collagen can be extracted, processed, and used for a variety of applications, including wound dressings, cornea/lip augmentation, drug delivery, coating of implants for cell growth enhancement, and many other purposes (Meena et al., 1999; Rammelt et al., 2004; Cai et al., 2014; Niinomi et al., 2014; Corobea et al., 2015; Ghosh et al., 2016) . However, despite these successful applications in medicine, mimicking a natural fiber arrangement and orientation as well as supramolecular assemblies in relative large size (10-100 cm 2 ) coatings of thin films are still a major challenge. The reason for that is that all fabricated films and other products/implants need to mimic the supramolecular assemblies they will be replacing in the tissues.
Of course, in recent years various approaches have been developed to produce films or scaffolds that meet the conditions for biomedical applications. Collagen alignment in films is accomplished by magnetic or electrical fields, the application of stress/strain and the LangmuirBlodgett/Schaefer technology (Narayanan et al., 2014; Pastorino et al., 2014; Chaubaroux et al., 2015; Sorkio et al., 2015; Nam et al., 2016; Bonfrate et al., 2017) . Thick films and membranes are fabricated via micro fluidics, stress/strain, extrusion/compacting (Riching et al., 2014; Banglmaier et al., 2015; Nam et al., 2016) , while for scaffolds the fabrication can be based on electro spinning, freeze drying, electrochemical treatment, micro fluidics and 'crowding" of collagen (English et al., 2012; Kishore et al., 2012; Saeidi et al., 2012; Younesi et al., 2014; Thomas et al., 2016; Islam et al., 2016; Paten et al., 2016; Ryan et al., 2017) .
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Using the Langmuir-Blodgett (LB) technology (Petty, 1996) for the deposition of collagen, recently a straightforward and inexpensive method was introduced to fabricate ultra-thin coatings of highly oriented type I collagen films (~10 cm 2 ) on glass substrates (Tenboll et al., 2010) . It was found that the orientation behaviour of collagen molecules during LB-film deposition is comparable to the behaviour of a particular class of synthetic polymers known as hairy rod polymers (Schwiegk et al., 1992; Mittler-Neher et al., 1992; Wegner, 2003a) . Both types of molecules show shape persistence (Schwiegk et al., 1992; Mittler-Neher et al., 1992; Wegner, 2003a; Wegner, 2003b; Tenboll et al., 2010) , and indicate a highly oriented and preferential alignment in pull-out direction (proceeding from an "orientation arch") (Schwiegk et al., 1992; Wegner, 2003a; Tenboll et al., 2010) . This "orientation arch" develops on the trough during collagen film formation and compression, and is aligned perpendicular to the pull-out direction and parallel to the air-water interface (Tenboll et al., 2010) . Besides single coatings, multiple depositions, as well as a deposition procedure in which the substrate was rotated by 90° between two consecutive collagen deposition steps, were performed (Tenboll et al., 2010) . This shows that films for wound healing, implant coatings and, in the case of orthogonally aligned collagen layers, the mimicking of the cornea structure are possible. Fabrication of such ultra-thin and highly oriented films is, to the best of our knowledge, not possible using any other method (incl. the Langmuir Schaefer deposition (Sorkio et al., 2015) ).
In addition, the dimension and shape of a substrate must be choosen carefully, since the flow conditions of collagen on the LB-trough are imposed by the substrate's shape and its pull-out direction (Nahar et al, 2013) .
Recent studies have shown that collagen transfer is possible on both, hydrophilic and hydrophobic surfaces, although most stable films were archieved with freshly prepared collagen solutions, n-propanol as a stabilizer and coating on hydrophobic surface. However, when n-7 propanol was replaced by phosphate ions as stabilizer most stable films were produced using hydrophilic substrates (Ambrock et al., 2018) .
The objective of the present study is to investigate the effect of physicochemical (hydrophilic/hydrophobic) patterns and 3D-mechanical barriers (located on substrate surfaces) on the collagen flow during LB transfer. This study is virtually a pre-study for collagen coatings on implants with irregular shapes and the fabrication of freestanding collagen films. For this purpose, the cohesion of the forming coating is examined by analyzing the collagen flow from the air-water interface onto the substrate as it encounters an obstacle on the substrate. Although we are using an indirect route instead of direct LB transfer of collagen onto implants (or testing freestanding films), this method provides a first insight into the disturbed film formation and the feasibility (sufficient cohesion, adhesion) of such coatings using a fast, non-toxic and cost-effective process, without wasting valuable implant material.
A second part of the present work deals with the fabrication of substrates each individually patterned to exhibit multiple different physicochemical surfaces (i.e. three equal-sized sections:
hydrophilic, hydrophobic, collagen coated). Such experimental substrates are excellently suited for conducting studies under various surface conditions (all other experimental parameters are constant) in a relatively short time. As these platforms are expected to be stable under superphysiological conditions (e.g., temperatures around 37°C [for two months at least] and higher
[60°C for at least 10 min.]), and relatively high salt concentrations (Nahar et al., 2013) , applications in engineering, chemistry, biology, and material sciences are conceivable. To test the surface effects on a reaction system we carried out a small series of crystal growth experiments.
Materials and Methods
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Collagen solutions and other chemicals
Type I collagen (molecular weight: ~300 kDa) was prepared from rat tail tendons as previously described (Hunter et al., 2001) . The collagen material obtained has shown to form a triple-helical structure (tropocollagen) (Baht et al., 2008) , which is needed for film formation (Tenboll et al., 2010) . For LB transfer, 2 μM collagen solutions were prepared by dissolving 0.6 mg of collagen in mixtures of 0.9 mL acetic acid (5 mM) and 0.1 mL n-propanol for at least 12 h at 4°C (in motion) (Usha et al., 2004) . Using n-propanol effectively stabilizes the protein structure and supports LB film formation without directly interacting with collagen molecules (Usha et al., 2006; Tenboll et al., 2010) . A silicone based solution (DISCCOAT 4222; General Chemical Cooperation, Mi, USA) was applied on hydrophilic or hydrophobic substrate surfaces, but also on collagen deposited on such substrate surfaces. The silicone drops (different sizes and arrangement) were, e.g., used to investigate flow dynamics of collagen on the different surfaces during collagen deposition.
Circular dichroism (CD) spectrometry
The prepared collagen solutions were diluted (0.3 mg collagen/mL) using 5 mM acidic acid and then incubated for 2 h at 20 °C. Samples of each solution were transferred to a 1 mm path length quartz cuvette and the ellipticity measured from 185 to 260 nm using a J810 spectropolarimeter (Jasco; Easton, MD, USA) at 20 °C; the temperatures were maintained by a Peltier system (Jasco, PTC 4235). Spectra were also obtained at 60 °C (above the denaturation temperature). For analysis of CD data, relevant literature was consulted (Usha et al., 2006; Greenfield, 2006) . both Sigma Aldrich) overnight to create −OH groups on the substrate surface, then rinsed with copious amounts of Milli-Q water, and dried with N2.
Preparation of hydrophilic and hydrophobic glass substrates for LB transfer
For hydrophobic glass substrates, glass slides were first preconditioned as described above. The resulting −OH groups on the glass surfaces are essential for the silanization of substrates. To generate hydrophobic glass surfaces, a 10 mM OTS solution (97%, Sigma-Aldrich) in anhydrous toluene was prepared. Since OTS is moisture sensitive the solution was always prepared under a N2/dry atmosphere (glovebox) and used immediately. In the glovebox, the preconditioned glass substrates were then immersed in OTS for 6 h to perform OTS self-assembly, followed by a rinsing step with toluene and ethanol, and drying with N2. All chemicals were used without further purification.
Langmuir-Blodgett (LB) technique
For LB transfer of collagen, substrates were immersed nearly completely (2/3) in the Milli-Q water subphase (~1/3 of the substrate length was not immersed but used for mounting). Using a Hamilton syringe, 2 μM collagen solution was applied dropwise to the entire surface of the aqueous subphase in the LB trough (KSV Instruments LTD Model KSV3000-2 LB). Following a 20-min waiting period to allow for the volatile solvent to evaporate the barriers were allowed to compress to ~5 mN/m at a speed of 5 mm/min (at 25°C; for details see Tenboll et al., 2010; Ambrock et al., 2018) .
For LB film transfer, the substrate was then pulled out of the water subphase through the collagen LB film with the KSV film lift at a speed of 5 mm/min. For collagen deposition onto a further sample, the trough was thoroughly cleaned, refilled with Milli-Q water, and the new substrate mounted nearly completely immersed in the aqueous subphase, before collagen was re-applied and the fabrication process repeated. Films on the air-water interface are referred to as Langmuir films, whereas films transferred on a substrate are called Langmuir-Blodgett films. Within this paper we call both kinds of films LB-films.
Surface patterning
For patterning of substrate surfaces, silicone drops (cross section: 3-6 mm [or larger, see Fig. 3 ], thickness ~0.2 mm; measured via a digital caliper) were placed either on Piranha-cleaned (hydrophilic), on Piranha-cleaned and then OTS-treated (hydrophobic), or on collagen coated substrate surfaces. The dried silicone buttons were removed to receive a hydrophilic/hydrophobic surface pattern or they were left on the substrate to achieve a button pattern on a hydrophilic and/or hydrophobic surface for further use. For each combination, at least five substrates were fabricated.
Contact angle measurements
Contact angle measurements (Goniometer NRL Model 100-00, Ramé-Hart, Montréal) were carried out on different substrate surfaces and coatings to characterize their hydrophilic/hydrophobic character. Measurements were taken at least 3 times per sample (in a specific surface area). A strong hydrophilicity shows small contact angles (θ < 2°), whereas hydrophobic surfaces exhibit larger contact angles (θ > 100°).
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Optical microscopy
For analysis of deposited LB-films and silicone droplets, bright and dark field microscopy (Zeiss Axioskop 2 MAT, Oberkochen, Germany) was carried out. Analysis of crystal growth experiments occurred by bright field microscopy (Zeiss Axiovert 25 CFL, Oberkochen, Germany).
Scanning electron microscopy (SEM) and Fast Fourier Transform (FFT) analysis
A SEM (LEO 1540XB, Carl Zeiss, Oberkochen, Germany) was used to determine the surface structure of the transferred collagen LB-films. The samples were investigated without additional metal coating at an acceleration voltage of 1 kV and a working distance between 3.5 and 4.0 mm.
FFT (ImageJ, version 1.48v; National Institutes of Health, Bethesda, MD, USA) was used to get insight into the orientation of collagen matrices.
Barium oxalate hydrate (BaC2O4·xH2O) crystallization
Analytical grade barium chloride dihydrate (BaCl2·2H2O; Sigma), sodium oxalate (Na2C2O4; J.T.
Baker) and sodium chloride (NaCl; Sigma) were used as obtained. Deionized water purified with a Milli-Q water system (Millipore filters) and filtration through a 0.2 µm pore size membrane was used for the preparation of all solutions. To initiate crystallization of barium oxalate hydrate were added to substrate surfaces exhibiting various physicochemical characters (treatment see 12 section 2.2 -2.4) at 23˚C. Oxalate solution was added first to a substrate surface followed by sodium chloride and/or the barium solution. Reactions were carried out for 24 h. Samples were analyzed via optical microscopy.
Results and Discussion
The present work investigates the influence of physicochemical patterns and 3D-mechanical barriers (located on the substrate surface) on the formation of highly oriented collagen films fabricated via LB-technology. The aim is to find a way to control the collagen flow during the coating process on glass substrates so that obstacles on these substrates either (a) lead to a defect in the forming collagen layer or (b) alternatively resulting in a defect free film, "ignoring" the obstacles during formation of the collagen coating.
During the film transfer/coating formation, the control of the collagen flow and the alignment through the substrate is guided by the internal cohesion forces, Fcoh, (hydrophilic-hydrophobic force balance between collagen molecules/aggregates) within the collagen LB-film and the attractive adhesion forces between the collagen film and the hydrophilic or hydrophobic surface of the substrate; Fadh). If the cohesive forces (Fcoh) are disturbed and the adhesion forces (Fadh) are strong enough, a film fragmentation can take place in which the individual film fragments show adhesion. However, if the obstacles on a substrate do not overcome Fcoh then the forming film will ignore the obstacles and, e.g., stretch over "irregularities".
Recently, Ambrock et al. (2018) have reported a stronger adhesion of LB-collagen films to hydrophobic than to hydrophilic substrates, which implies that Fadh,phobic > Fadh,philic. This finding is supported by the fact that collagen can be spread on the air-water interface (Tenboll et al., 2010; Nahar et al., 2013; Ambrock et al., 2018) , and observations that LB transfer of amphiphilic fatty 13 acids is possible only with the hydrophilic side of the LB film to a hydrophilic substrate and the hydrophobic side to a hydrophobic substrate (Ulman, 1991) . Consequently, we expect defect formation of coatings to occur when hydrophilic surfaces or phase boundaries (hydrophilic/hydrophobic) are present rather than hydrophobic surfaces. It is assumed, however, that the strongest impact on collagen coating formation will come from 3D-objects that are located on substrate surfaces.
Confirming triple-helical collagen (Tropocollagen) in solution and LB-area-pressure isotherm
For manufacturing highly oriented collagen films and coatings, it is essential that triple-helical structured collagen (tropocollagen) is present in collagen solutions (Tenboll et al., 2010) . To this end, CD spectra of the prepared solutions were determined at 20°C and 60°C, and the results compared to CD spectra reported previously (Usha et al., 2006; Greenfield, 2006) . The measurements show (Fig. 1a ) that the spectra (at 20°C) are consistent with a triple-helical type I collagen structure without fibrillar components (Greenfield, 2006) , and thus are suitable for testing their efficiency in film formation. As expected, the collagen solutions treated at 60°C indicated denatured collagen ( Fig. 1a ; (Greenfield, 2006) ). Bentz et al. (1978) have shown that denaturation of dispersed collagen sets in slightly above 37°C, which means that the triple-helical structure is stable up to a temperature ~ 37°C and that those films should be transferable.
Collagen solutions (400 µL; 2µM) were spread onto the air-water interphase of the LB trough and films compressed up to the minimal trough area. A maximum lateral pressure of ~6.5 mN/m and no phase transitions were determined (Fig. 1b) , characteristics also observed in previous studies for these films (Tenboll et al., 2010; Nahar et al., 2013; Ambrock et al., 2018) . Transfer was performed at ~¾ of the max. pressure: ~5 mN/m. 14 3.2 Substrate patterning on substrate surfaces and their control of collagen flow Several substrates were fabricated using a sequence of manufacturing steps that can be varied for each sample (for details on sample fabrication steps, see also Table 1 ). First, for a set of controls, glass substrates (Glass) were treated with Piranha (P) to generate a highly hydrophilic surface.
Thereafter, a subset of these substrates were either coated with collagen (C) or further treated with OTS to create hydrophobic conditions. Also some of the OTS treated samples were collagen coated. These sample combinations, the Glass-P and Glass-P-OTS as well as the substrates Glass-P-C and Glass-P-OTS-C were all fabricated without further patterning. The contact angles for all sample types can be found in Table 1 , sorted by their physicochemical character under the hydrophobic (Glass-P-OTS) or the hydrophilic (Glass-P) platform.
As expected, collagen transfer to the two types of control substrates (hydrophilic: Glass-P;
hydrophobic: Glass-P-OTS) resulted in defect free and highly oriented collagen coatings (Tenboll et al., 2010; Ambrock et al., 2018) .
3.2.1 Hydrophilic/hydrophobic patterning of substrate surfaces and their effects on the change of collagen flow
For the first set of patterned samples, substrates based on the Glass-P (hydrophilic) and the Glass-P-OTS (hydrophobic) type were prepared by placing one or several silicone drops (Si; cross section: 3-6 mm, thickness ~0.2 mm) on the hydrophilic (P) or hydrophobic (OTS) surface and - hydrophobic, which indicates a slight change (possibly due to contamination) of the respective surface properties caused by the silicone (Dunn, 2016) . Collagen deposition on these samples with different but not extreme surface hydrophobicities and hydrophilicities showed no change in collagen flow: collagen covered the patterned substrate surface completely and defect-free. Even large patterns (from application/removal of large silicon droplets) had no effect on the collagen flow (not shown). The inner cohesion force of the film, Fcoh, is obviously much larger than the difference in the adhesion forces of the both substrate types, Fadh,phil-high -Fadh,phil-low (the high/low hydrophilic substrate) or Fadh,phob,high -Fadh,phob,low (the high/low hydrophobic substrate), and thus not large enough to induce disruption of collagen flow.
Large differences in the hydrophilic/hydrophobic properties of patterning on substrate surfaces and their effects on the change of collagen flow
Therefore, a second set of patterned substrates was fabricated indicating higher differences in surface adhesion forces. To this end, the preparation method was slightly modified by placing a silicone drop on a Piranha treated substrate, subsequently hydrophobized the entire substrate surface (incl. the dry silicon button) with OTS and finally removed the silicone button. Table 1 ) or surface adhesion forces Fadh,phil,max -Fadh,phob,max was not sufficient to overcome the film's inner coherence force Fcoh. Also in this series of samples, patterning by applying and removing large or several small silicone drops (in a row, perpendicular to the pullout direction) could not divide the collagen flow. In almost all cases the hydrophilic/hydrophobic obstacles were not able to overcome the internal cohesion forces (Fcoh) of the collagen coating, although some samples indicated locally ripped (not really divided) collagen coatings (Fig. 2) .
These disruptions, which are caused by large surface inhomogeneities, are an indication that the control of collagen flow might be possible via a sufficiently large adhesion force difference that overcomes the inner cohesion force of the collagen film. For the film-surface combinations tested, the inner cohesion forces of the compressed collagen LB films are too strong to be overcome by the weaker hydrophilic/hydrophilic or hydrophobic/hydrophobic adhesion forces between the collagen film and the substrate. This force interplay explains why small hydrophilic areas surrounded by an overall hydrophobic surface can easily be spanned by a highly cohesive collagen film. Vice versa, the small difference in adhesion forces between the collagen LB film and a hydrophilic or hydrophobic surface allows spanning of small hydrophobic areas within an overall hydrophilic substrate surface. It had been shown by Lieser et al. (1994) that the larger majority of < 0.5-micrometer large holes in hydrophilic formvar films could be spanned by a lipid monolayer LB-film. These films were stable for a few weeks and could be investigated under vacuum conditions in an electron microscope. The inner cohesion of the lipid film must be responsible for the hole-bridging, since in holes the adhesion forces are zero. Therefore, we suspect, that only large surface areas with a large integrated adhesion force difference leads to some disruption of a highly cohesive collagen film. To test this hypothesis, we fabricated even larger hydrophilic areas (contact angle: ~35.7 [°]) surrounded by a hydrophobic environment (contact angle: ~121.5 [°]; see Table 1 ). However, this modification did not lead to a diversion of collagen. Still the strong inner coherence force in the collagen film dominates the LB-transfer.
In general, the use of physicochemical surface variations involving relatively small adhesion interaction forces and force differences is not sufficient to counteract the inner cohesion of collagen molecules and deflect or disrupt its flow. In comparison to the classic fatty acid case, a real amphiphilic molecule class, where, depending on the LB-side, the adhesion forces can be attractive (hydrophilic surface with hydrophilic head group and hydrophobic surface with hydrophobic alkyl chain) or repulsive (hydrophilic surface with hydrophobic alkyl chain and hydrophobic surface with hydrophilic head group), collagen, not amphiphilic, but with more hydrophobic surface groups than hydrophilic, shows explicitly attractive adhesion forces for both surface types.
3D silicon patterning on substrate surfaces and their effects on the change of collagen flow
Based on the configurations Glass-P and Glass-P-OTS, a set of substrates was prepared with the intention to manipulate the flow dynamics via "mechanical" barriers rather than manipulating the adhesion forces. This was realized by placing small or large silicone drops on the strong hydrophilic (Glass-P; contact angle: < 1 [°], Table 1 ) or strong hydrophobic (Glass-P-OTS; contact angle: ~121.5 [°]) surface, respectively, and leave the dried buttons (cross section: 3-6 mm or much larger; thickness ~0.2 mm) on the substrate during collagen deposition. Following deposition of collagen on samples with small silicone drops, analysis showed that the produced films cover the entire sample and that these films are either intact or show only minor defects (with no recognizable trend). Therefore, a reproducible flow control of collagen is not possible, although the small buttons appear to have a stronger effect on the flow dynamics then the concept of changing adhesion forces. However, if instead large silicone drops or several small drops (in a row, perpendicular to the pull-out direction) are applied to the substrate (Fig. 3) , most of the experiments lead to a deflection of the collagen flow (Fig. 3a,c,d ). For all other 'large-dropexperiments' collagen covered the entire sample, incl. the silicon button(s) (Fig 3b) . Some experiments showed defective collagen films (Fig. 4b) , whether collagen was deflected or not.
Using SEM (Fig. 4) in combination with a Fast Fourier Transform (FFT) analysis, we found that all transferred and large button-deflected films had developed oriented collagen matrices (molecules and/or fibrils), regardless if collagen flow could be controlled or not. The molecules and fibrils are aligned to the fibrillar aggregates and parallel (except the "arch") to the pull-out direction, as previously found for non-deflected films (Tenboll et al., 2010) . (Fig. 4c) shows details of the collagen matrix; some larger fibrils and fibrillar aggregates are shown as well. The details of the ultra-thin coating clearly indicate the strict alignment and the high orientation of the collagen structure, a feature that cannot be produced with any other method (to the best of our knowledge) over such large areas (not even via the Langmuir-Schaefer method (Sorkio et al., 2015) ). The film thicknesses created under the given conditions are estimated to be in the range between 16 -20 nm (Tenboll et al., 2010) , irrespective of whether collagen solutions were applied to hydrophilic or hydrophobic substrates.
The fact that only large "mechanical" barriers can deflect the flow of collagen is an indication that only large-dimensioned 3D-obstacles can overcome the strong inner cohesion forces within the compressed film and tear it, therefore, affecting the collagen flow significantly. This aspect is important in cases where, e.g., 3D-implants are to be coated with collagen and the shapes of these implants show details that are similar to the 3D obstacles created here: small mechanical obstructions are coated, whereas obstructions with sizes of the order of magnitude of the object itself might lead to interrupted flow and poor coating. Rough and smooth implant surfaces, as well as sub-mm sized screw threads (e.g. of tooth implants) should, therefore, be LB-coatable with oriented collagen and identical quality. However, the details of how threads or other 3D objects are coated need to be investigated in the future.
Assuming that a higher level of hydrophilicity in the collagen "raw material" could decrease the strong inner cohesion (reducing hydrophobic/hydrophobic interactions, a phenomenon recently reported for aged collagen "raw material"; Ambrock et al., 2018) , aged collagen solution (stored for 975 days in a freezer at -18°C) was tested for its suitability to control collagen flow conditions in the presence of "mechanical" 3D barriers during coating. However, these films form only locally on the substrate and/or they are pervaded by fissures and other flaws (not shown). The inner cohesion of these 2.5 year aged materials is obviously too much compromised to maintain film formation conditions. More systematic work on less aged material is necessary to tune the inner cohesion forces accordingly. Further control of film formation should be carried out by means of large mechanical barriers, in particular with varying shapes and heights, both in the classic planar substrate fashion and also with real 3D-substrates. The use of other than silicone materials to create the barriers is conceivable. In addition, the sample geometry, its pull-out direction and speed can be varied to additionally affect the flow of collagen and its patterning (Tenboll et al., 2010; Nahar et al., 2013) . Using these techniques allows -in part -controlling the flow-dynamic of collagen and thus the patterning of substrate surfaces with collagen films, which is an important parameter to tailor application-specific films and coatings.
An interesting and surprising aspect of our findings is the fact that defects partly led to loosened large-area collagen films. This is an indication that a future fabrication of freestanding, ultra-thin and highly oriented films appears to be possible. Films like this, not bonded to a stiff substrate, can be used (after sterilization) for, e.g., wound dressings exhibiting a controlled collagen 20 orientation in different layers to mimic the compliance (Young's modulus) of skin or as artificial cornea.
3.3 Substrate patterning by selective removal of LB-transferred collagen and possible applications of such patterned substrates
Fabrication of substrates with multiple physicochemical surfaces
An alternative route to 'flow-patterning' is to pattern collagen-coated substrates in a 2-stepprocess: first the substrate is coated via the LB-transfer and then parts of the deposited collagen film are removed to create the pattering. To this end, hydrophobic (Glass-P-OTS) or hydrophilic (Glass-P) substrates were coated with collagen. Also possible are combinations such as Glass-P-C-Si or Glass-P-OTS-C-Si, where collagen is coated but the dried silicone buttons are not removed. Here very hydrophobic islands (Glass-P-C-Si; contact angle: ~140.7 [°] or Glass-P-OTS-C-Si; contact angle: ~146.7 [°]; see (Ertorer et al., 2013) and to hydrophilic/hydrophobic surfaces (Weiss and Blumenson, 1967) can be examined in parallel to each other. (b) It is expected that crystallization and aggregation processes will produce different nucleation rates, crystal morphologies and aggregates, using these different substrate surfaces side by side (see e.g. Grohe et al., 2011 Grohe et al., , 2012 Sethmann et al., 2014; Grohe, 2017) .
A preliminary proof-of-concept-study on the crystallization of pyrotechnically relevant barium oxalate hydrate was performed (see Fig. 7 ). The optical micrographs (Fig. 7) show that in cases of and varying reaction conditions (Raj et al., 2008; Ding et al., 2013) . In addition, comparing these outcomes with the contact angles of the respective surfaces (see Table 1 ) shows an excellent 22 agreement of high precipitation rates with high hydrophilicities. In other words, the presence of a hydrophilic surface provides (in contrast to hydrophobic surfaces) a higher number of nucleation sites and, therefore, results in a higher number of formed crystals.
The crystallization experiment described here is a simple example, for the versatile use of patterned collagen substrates. The execution of experiments in a short time is another advantage when using these multi-platform substrates. Applications in chemistry and biochemistry, engineering and biotechnology, material sciences and mineralogy as well as for physical and metallurgical tasks are conceivable. Specific examples are, besides the examination of crystallization processes, the study of bacterial behaviour (incl. population growth) under different conditions, the testing of different constructs for specific (stem)cell work and scaffolds, or the study of adsorption/desorption processes. Since these substrates are relatively insensitive under physiological and super-physiological conditions (e.g., temperatures: 37-55 ° C, relatively high salt concentrations) (Li et al., 2009; Nahar et al., 2013) , it is expected that experiments can run for a relatively long time under these conditions. In addition, additives such as dyes and proteins can be present during experiments as they are not affecting the quality of these substrates (Baht et al., 2008) .
Conclusions
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We have studied the effects of physicochemical (hydrophilic/hydrophobic) patterns and 3D-mechanical barriers present on substrate surfaces on the dynamics of collagen flow during LBfilm deposition for highly oriented coatings.
1. Only large 3D obstacles or a row of several small 3D obstacles (perpendicular to pull-out the direction) can deflect the flow of collagen effectively.
2. Single small buttons or just hydrophilic areas in a hydrophobic environment (or vice versa) are easily spanned by the highly cohesive collagen LB-film.
3. The inner cohesion forces of a collagen LB-film are larger than the attractive adhesion forces between the collagen film and the hydrophilic or hydrophobic surface during LB-transfer: Fcoh > Fadh.
4. This coating behaviour is important (e.g. for biocompatibility reasons) if 3D-implants, such as screw-threaded dental implants, are to be coated with oriented collagen. Such objects, which have topographical features of small size, should be readily and uniformly coatable with highly oriented collagen using the LB technique -no deflection of collagen flow is expected at/near at these small features, and therefore no rupture of the coating.
5. The fabrication of freestanding films should be possible.
6. Patterned samples each having multiple surfaces with different physicochemical characters were prepared by an alternative approach, not controlling the flow on the trough, but simply removing deposited collagen successfully from the sample in a patterned fashion. These substrates are excellently suited to perform experiments on one substrate with different surfaces side by side under otherwise identical conditions. 7. A simple example of a surface-nucleation-controlled crystallization process was discussed. The execution of experiments in a short time is an advantage when using these multi-platform substrates. Labelling:
A Glass (as received); B Glass, Piranha-cleaned than OTS-treated; C Glass, Piranhacleaned, OTS-treated than Collagen transferred; D Glass, Piranha-cleaned, OTS-treated, Collagen transferred than Silicone drop applied; E Glass, Piranha-cleaned, OTS-treated, Collagen transferred, Silicone drop applied than Silicone button removed; F Glass, Piranha-cleaned, OTStreated, Silicone drop applied, Collagen transferred, than Silicone button removed; G Glass, Piranha-cleaned, OTS-treated, Silicone drop applied than Silicone button removed; H Glass, Piranha-cleaned; I Glass, Piranha-cleaned than Collagen transferred; J Glass, Piranha-cleaned, Collagen transferred than Silicone drop applied; K Glass, Piranha-cleaned, Collagen transferred, Silicone drop applied than Silicone button removed; L Glass, Piranha-cleaned, Silicone drop applied, Collagen transferred, than Silicone button removed; M Glass, Piranha-cleaned, Silicone drop applied than Silicone button removed; N Glass, Piranha-cleaned, Silicone drop applied, OTStreated than Silicone button removed. * If a silicone button is removed the part within the bracket [....] is removed with this drop/button. Contact angles were measured in areas where a silicone drop was previously placed and then removed or directly at the substrate surface/silicone button. Fig.4c ) is shown.
